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CONSTANT-PRESSURE COMBUSTION CHARTS INCLUDING EFFECTS OF DILUENT ADDITION

By L. RICHAHD Trm+mi and DONALD BOGART

SUMMARY

Charts are pre8entedfor the cakulafion oj (a) fheJinal fem-
peraturea and the temperature changes inrolred in conetanf-
pre8surecombustionproce8se8oj air and in prd.wf8 of combw-
tion of air and hydrocarbonfuels, and (b) the quanfify of
hydrocarbonfuel required in order to attain a ~peciJed com-
bustion femperafurewhen water,alcohol,wter-alcohol mirfure8,
[iquid ammonia, liquid carbon dioxide, liquid nitrogen, liquid
oxygen, or their mixture8are addedto air a8 dihtent8or refiger-
ant8. The ideal combmtion proce8s and combu8fion with
incomplete heat releasefrom fhe primary juel and from com-
bustible diluenta are considered. The eflect of preheating the
mirfwre of air and dihLent8and fhe e~eci 01 an initial water-
uaporconfent in the combustionair on the requiredjuel quantify
are a[so included. The chart%are applicable only to proca8e8
in which fhe$nal mirture i8 leaner fhan stm”chiomefricand a.t
temperatures where di880&iafionh unimporfanf. .-l chart i8
a180 included fo permit the caku[ation of the 8hichiometric
ratio oj hydrocarbonfuel to air with diluent additi”on. The
use of the chart8ia ih$frafed by numerical example8.

INTRODUCTION

Accurate computation of the combustion tempemtures or
of the quantity of hydrocarbon fuel required to attain speci-
fied combustion temperatures is complicated by the wu-iat ion
in composition and thermal properties of the fluid. Further
dficuIty ia introduced by the addhion of various dihents or
refrigerants to the combustible mixture.

A need for such ctdculation arises in connection with proc-
esses of combustion of hydrocarbon fueIs with air, reheat@
of products of combustion by the introduction and the burn-
ing of additiomd fueI, and in performance analyses of aircraft
gas-turbine engines when diluents or refrigerants arc used to
augment the @ust or the power of the engine.

This report represents a synthesis of references I and 2,
which were writ ten in 1940 and 1948, reapectiveIy, at the
NTACA Cleveland laboratory, and presents charts for the
computation of constant-prwsure combustion temperatures
or for the calculation of the quantity of a hydrocarbon fuel
required to attain a specfied combustion temperature when
water, alcohoI, wat er-alcohoI IIL&turea, liquid ammonia,
Iiquid carbon dioxide, liquid nitrogen, liquid oxygen, or

combinations of these liquids are used as diIuents or refriger-
ants. The ideaI combustion process and combustion with
incomplete heat release from the prima~y fueI and from com-
bustible diluents are considered. The use of the charts is
ilhstrated by numericaI exampIes.

The effect of preheating the misture of air and cliluents and
the effect of an initial water-vapor content. in the combustion
air on the required fuel quantity me also considered. The
charts are applicable only to processes in which the final
mixture is leaner than stoichiometric and at temperatures
where d~sociation is unimportant.

A chart for determining the stoichiometric fuel-air ratio
with diluent addition is also presented.

PRINCIPLES OF CHARTS

The charts presented herein apply to processes in which the
final mi..t ure ia leaner than stoichiometric and are exact
beIow those temperatures at which d=ociation becomes
important. (For most calculations, dissociation may be
neglected at aII temperatures beIovr about 3200° R.) The
charts are readily used above 3200° R, without consider-
ing disaociat ion, for making appro.simate calculations for
higher final temperatures.

The specific-heat data for the gases were taken from
references 3 to 10. The thermodynamic properties of the
various liquid diIuents were taken from references 11 to 13.

The use of complicated subscripts has been partiy avoided

1

by the use of the notation x ~ to mean” the vaIue of x at z

minus the value of z at y.”
The symbols are defined when first used. For the con-

venience of the reader, symbols used more than once are
listed in appendL. A.

ideal combustioni-The Iower enthalpy of combuat ion a.t
constant pressure of a liquid fuel h,,f or of a liquid diIuenk
)i.Gdis defined as the amount-of heat -h= removed during the
comb~=tion at constant pressure of the fuel or diluent in
o~gen when the initial and final temperatures are equal and
the products of combustion are dI in the gaseous phase.
Because of this convention, enthalpi= of combustion will
appear ‘m this report as negative quantities.

The first law of thermodynamics applied to an ideal
constant-pressure combustion of a mi..t ure of air, hydro-

815
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carbon fuel, and diluen t for leaner-than-stoichiometric
mixtures leads to the following equation:

ha]:-jh,,f+ (l+d’) y+d @d]:-hCd)= (I+j+d)hb];

(1)

where
total diluent=air ratio, (Ib/lb air)

weight of diluent injectcd into air stream prior ta
compression of mixture, (lb/’lb air)

totaI fuel-air ratio, (Ib/Ib air)

enthalpy of dry air, (Btu/lb air)

enthalpy of finaI Imrned mixture, (Btu/lb mixture)

lower enthalpy of combustion of liquid diluent at
540° R, (Btu/lb diluent)

lower entldpy of combustion of liquid fuel ~t
540° R, (Btu/lb fuel) i!

enthalpy of liquid diluent, (Btu/lb dihent)

mechanical equivalent of heat, 778 (ft-lb/Btu)

initial total air temperature, (“R)

total combustion temperature, (“R)

temperature of diluent as Iiquid immediately before
injection, (“R) ‘- “-

reference temperature, 540° R

work of compression on mixture entering compressor,
(ft.-lb/lb mixture)

The effects of preheating the fuel have been neglected in
equation (1) for shnplicit y of notation. The correction to
—h,,~ for the liquid fuel introduced ta the system at a
temperature oti~er than the reference temperature of 540° R
is small (approximately O. 5 Btu/(lb) (“R) for fuel in liquid
phase). Under ordinary circumstances, partly vaporized
fueI would not be used; hence, no portion of the fuel is
considered to be vaporized.

A term for energy addition to the mixture or preheating
of the mixture by any means (1+ d’) W&7 k included in
equation (1); the preheating is usually, although not neces-
sarily, accomplished by work of compression on the mixture
and is referred to in this manner.

For leaner-than-stoichiometric mix tur es, the term
(1+j+d)ho is given by

(I+f+d)h,=ha+f (Fco,Hoo2+FH20H%o+ Fo,HoJ +

d(D~,Hoo,+D@740+Do, Ho,+DN,HN~ (2)

where
Q incream per pound of diluent in number of moles of w

in ukimate burned gas mixture due to addition and
combustion of diluent, (lb moIe/lb diluent)

FM increase per pound of fuel in number of moles of y in
uItimate burned gas mixture due to addition and
combustion of fuel, (lb moIe/lb fuel)

H. molal enthalpy of V, (Btu/Ib mole)

v variety of gas, specifically C02, E(20, Oz, and INa

The term ~(Fm,Hco2+ FHaoIl=,o+ Fo,Ho2j is cquivalmt to

the term used in reference 3

f
Am+B
nl+l

where

H=o –; Hoz
A=

2.016

~= Hco,–Ho,
12.010

m hydrogen-carbon ratio of fuel

The t~rm ‘~’ accounts for the diffcrenm I.M.wccn the

enthalpy of carbon dioxide and water vapor in the burned
mixture and the entl.mlpy of oxygen rcmowxl from Lhc air
by their formation.

The term d(Dco,Hw,+DE,oHH,o+ Doa1203+DN,IIN,)rep-

resents the increase in cnthalpy of the molecular pmducls
resulting from tie addition and the combustion of the
dduent. The values of F02H0, nnil of D@oa gcm’rally arc
negative.

If equation (2) is substituted in equation (1),

Upon co~lection of terms, equation (3) becomes

where

The term @considers t-illthe effects of dihwnt addiLion am]
compressor work on the magnitude of the furl-tiir ratio
ideaIIy required to attain the specified combustion tcmpww-
ture; @is a function of the kind and amount of diluent used,
the initird temperature and state of the dilm’nt, thr com-
pressor work, and the combustion tmnpcr~tum.

The denominator of equation (4) contains all the faciora -
that depend on the nature of the fud. TIM cflwt of varia-
tion of fueI characteristic can I.w computed by corrccliou
factors_that depend only on this denominator, For con-

venience of chart representation, a st rmdard hydrocrwhm
fueI having a hydrogen-carbon ratio of 0.175 and a louvr
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ent.halpy of combustion of —18,700 Btu per pound was used.
Correction factors K= and K, permit the calculation of the
required fuel-air ratio for other hydrocarbon fuels. The
value of the product. Kmh”ais given by

18 ~oo_o.175A+B “

K.K,= ‘ I1.175 T,

7

Tb (6)
–hc,r-”4:~1 ~,

The two correction factors have been so adjusted that the
correction is exact. for the average variation of the lower
heating value with the hydrogen-carbon ratio of the gasolines,
kerosenes, and light fuel oils currently avaiIable. The as-
sumed average relation is

he= – (15,935+15,800m) (7)

The corrections are also exact. for a hydrogen<arbon ratio
of 0.175 for any lo~er heating wdue. Small errors exist for
other combinations of heating value and hydrogen-carbon
ratio. For example, the fuel quantity calculated for a com-
bustion temperature of 3000° R for a fuel with a hydrogen-
carbon ratio of 0.0S4 -ri-i.Hbe in error about 1 percent for
em-y 1500 Btu per pound that the lower heating vahe of
the fuel n-irks from the value given by equation (7).

A correction factor Kw, which permits the calculation of
the fuel-air ratio required to attain a given combustion
temperature when the air at the initial temperature contains
water vapor, is defined by the relation

1

Tb

Kw=~

1

(8)
h=

T’

where lim,. is the enthalpy of moist air in Btu per pound of
moist air. The value of h=. is found to be practically in-
dependent of the initial temperature T’ and therefore can be
represented as a function only of water-vapor-to-air ratio
and of Th. The vrorking vahws of A“mha-m been based on
a value of T=of 900° R.

In terms of equations (4), (6), and (8), the tota~ fuel-air
rat io ideally required to attain a desired temperature by
combustion of a mixture of air, hydrocarbon fuel, and
diluents is given by

,= Z.K@h=]:+.)
Is im_o.175A+

7

Fb

1.175 Tr

=KmK,KJ’ + Af

where the fuel-air ratio ~ for the standard
diluent addition is given by

. lT,

f= ‘“’J.
18 ~oo_0.175A+B Tb

Y
11.175 T,

(9)

(10)

fuel without

(11)

and the increment in fuel-air ratio Aj due to diluent addition
is equal to KJCkfr for any hydrocarbon fuel, where the
increase in fuel-air ratio J“ for the standard fuel is

(12)

SpecMc expressions for increase in chart fuel-air ratio ~
due to addition of various diluents are pmxmted in appen-
dix B.

When the factor Km is used in the form defined by equa-
tion (8), all fuel-air ratios and diluent-air ratios must be ex-
pressed in units of pounds per pound of moist air. OnIy water
occurring as vapor at- the initial temperature and pressure
of the air is considered in computing K., fuel-air ratio, and
dihent-air ratio. If the air initialIy contains liquid water,
the unevaporated portion of the water must be separately
treated in the same manner as a diluent or refrigerant.

A Liquid-to-&-air ratio maybe computed by mdtiplying
a Iiquid-to-moist-air ratio by the ratio of mass of moist air

(tomassof dry air 1+
)

grains water vaporflb dry air .
7000

Combustion with incomplete heat release.—In act urd
combustion proceses of gas-turbine engines, the heat of
combustion of fuel and of combustible diluents is never fully
released. In turbine engines when combustible diluents are
injected at the compressor inlet, the diluent is distributed
throughout the combustion air; as a result of this mixing
and because onIy a small park of the total air passes through
the flame zone, much of the diluent vapor never reaches a
sticiently high temperature to promote efficient combustion.

In order to discuss incomplete heat release quantitatively,
a basis must be established for an estimate of the cnthalpy of
the products of incomplete combustion. The difference be-
tween the enthalpy of severrd possible residual molecules
plus the orygen required to burn them and the enthalpy of
the corresponding masses of mohwuk of products CO~, H~O,
and X2 is later shown to be smrdl as compared with the en-
thalpy of combustion of the ammmd residual molecuIes.
The enthalpy of the products of incomplete combustion has
accordingly been assumed to be equal to that of the com-
pletely burned mkture at the actual temperature of the
incompletely burned mkt.ure.

A heat-release ratio q~ is defied as the fraction of the
lower heat of combustion of the liquid fuel effective in in-
creasing the enthalpy across the combustor

actual enthalpy rise across the combustor
‘r= heating value of Liquid fuel supplied

The heat-release ratio for the hydrocarbon fuel is then
given by the heat-balance equation

-’m+~:)=hx+”
f. (–hem- ~+* (13)
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where f= is the actual total fuel-air ratio for the incompletely
burned mixture and T* is the actual combustion temperature.

The heat-balance equation for the ideal combustion
procees is

-A-T’)=’X+” ‘“)
j, (–hCJ m+l T,

where f{ is the ideal fuel-air ratio.
The ratio of fuel actually required to fuel ideally required

r~ from equations (13) and (.14) is then

“=$==%$5(15)

The ratio rf depends only on v~, the composition of the
fuel, and the combustion temperature; the ratio is independ-
ent of ha and 0.

The value of rf is found to be practically independent of
h.,~ and m when q~is greater than 0.7; for the lower vahwa
of qf (to about 0.5), the quantity r~ varies a maximum of
1 percent for the range of liquid hydrocarbon fuels. The
working values of rr have therefore been based on the
standard fuel.

Liquid combustible diluenta whether burned or not will
usually be completely vaporized. A heat-release ratio for
combustible diluents m is then defined as the fraction of the
lower heat of combustion of the vaporized diluent –h.,~’
actually relersed

actual heat rekwed by vaporizad diluent
‘~=h.sting value of vapomzed chluent supphed .:

Any defect in heat release must be compensated for by an
increase in primary fuel rate, For any hydrocarbon fuel,
the increment in fuel-air ratio Af due to incomplete heat.
release is given by K~Khf”q where the increase in fuel-air
ratio for ti;e standard fuel-flu is

j“,= d(l –qJ (–h.,,’)

18,700–
~

0.175A+ ‘b

1.175 T,

Specific equations for Y, for water-alcohol
ammonia are given in appendix C.

(16)

mixtur~ and

The total fuel-air ratio ac.tuaIIy required to attain a
desired temperature by combustion of a mixture of air,
hydrocarbon fuel, and diluents with incomplete heat release
considered is given by

j=r#GKiJGY+&)

COMBUSTN3N CHARTS

Two combustion charts, which are based
with @equal to zero, are presented as figures

(17)

on equation (4)
1 and 2. Thwe

COMMITTEE FOR AERONAUTICS

two charts permit the determination for dry air of the ihd
fuel-air ratio j’ as a function of the initial tempemt urc and
the combustion tempemture, respectively, for a single l~ydro-
carbon fuel having a lower cnthalpy of combustion of
—18,700 Btu per pound and a hydrogcn<arl.xm ratio of
0.175. The icletd fuel-air ratio j’ for this standard fuel is
called the dmrL fuel-air ratio.

The fuel correction factors & and I{* and th(? waler-
vapor correction facLor K’tiare included as inwmts on figures 1
and 2. Thew correction factors pw-miL the ctdcul~tion of
tho ideal fuel-air ratio for hydrocarbon fuels other than thu
sLandard fuel and for combustion air thtit initially cont~ins
water vapor.

In the determination of the combustion tempmaturr for
any given fuel, fuel-uir ratio, and initial air tempmature,
figure 1 is also readily employed, as illustmted lntcr by an
example.

Combustion-gas mixtures that have undergono work
abstraction or heat-exchange processes in OIW portion of a
gas-turbine engine are frequently required to undergo further
combustion and subsequent thcrmodynwnic promsscs. Tho
problem of reheating a combustion gas by the burning of
additional fuel, provicled thaL the over-all fuel-air ratio is
leaner than stoichiometric, is readily SOlvcd by the use of
figures 1 and 2. The procedure in making surh fi calculation
is illustrated later by an example.

The relation betwcwn the heatAcase ratio qt and tho
ratio of actual fuel-air ratio to idcrd fucl-air ratio rf is shown
in figure 3. This relation may be used in conjunction with
figurw 1 and 2 to compute the required fuel-air ratio for an
assigned combustion temperature and hmt-rekwse ratio or
to determine the heat-release ratio from known wducs of
combustion temperature, actual fuel-air ratio, and ideal
fuekir ratio.

Combustion charts for determining thu incrmsc in chart
fuel-air ratio due to diluent addition j“ have been prepurcd
from equation (12) for the following dilucnts:

(1) water, ethyl alcohol, methyl alcohol, isopropyl
alcohol, and water-alcohoI mixtures

(2) liquid ammonia
(3) liquid carbon dioxide
(4) liquid nitrogen
(5) liquid oxygen

The increase in fuel-air ratio due to incon]picM heat
release of the combustible diluents is dctmnined by sepa-
rate charts for water-alcohol fixtures and for ammonia,

Equations from which W increment in fuel-air ratio Af

due to diluent addition or to incomplctcncss of diluent
combustion is computed are included on each chmt..

ALCOHOIS AND WATERAS DILUENTS

The alcohols and water form a convenient group bocauso
of formal chemical similarity and because they am generally
used as mixtures of alcohols or of water with ono or mom
alcohob. The three alcohols commercially uvailtibl~ in
large quantities are methyl alcohol, ethyl alcohol, and
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FIGUIU!1.—FueMrmtto /for Ideal coustent-presstue combustionmfmmtfon of fnftfal temperature. f= fi-.KkK.fl.

(A M-by IMIL print of tbIe cbwt h me.fkible Rpm reqtwt from NACA.)
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FIGUEBfL–Fuel.afr ratio jfw fdeal wmstant-prsssure combustion ss function of combustion temperature. f= I{.A’.K#.

(A 13-by 184n. prfnt of thfs cbsrt is availsble upon Nuest fmn NACA.)
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FImuE3.—Rntio ofactualtobiedfuehtrmtloforIncompIeta combustion of hydromhm fuel m function of beut-rekse mtb W.

isopropyl alcohol. They may be grouped with water by
the follotig forrnd scheme:

Isopropyl alcohol (CH,)JI,O

Ethyl alcohol (CHJJI,O

31ethy1 alcohol CH,H,O

Water H20

The various alcohoIs, water, and water-alcohol mixtures
onIy dfier in the amount of CH2 radical; thus a mixture of
water and alcohols can be presented by the average chemical
formula (CH,j&O. The due of the formula weight
JIX of the water-alcohol mixture maybe expressed either as a
function of the mixture characteristic x or in terms of the
fractions by weight- of the mixture constituents. In terms
of x

.31.= 31H20+XMC=2 (18)

&i24i7&51-22

where

J&. molecular weight of water

31C=, molecular weight of CH, radical

When the sum of the weights of constituents of the mixture
is taken as unity by definition, the reciprocal formula weight
of the mixture is given by

where

31 molectdar weight of each constituent
W fraction by weight of each comtituent

and subscripts O, 1, 2, and 3 refer to water, methyl alcohol,
ethyl aIcohol, and isopropyl alcohol, respectively.



322 REPORT 937—NATIONAL ADVISORY COMMITTED FOR AERONAUTICS

The quantity I/M. serves as a parameter of a given mixture and may be com-
puted from equation (19) or determined with the aid of figure 4, which is a graphical
representation of equation (19). The determination of 1/Mm for a mixture con-
taining equal parts of water and of each of the three alcohols (0.25 lb/lb diluent
mixture) is illustrated in figure 4 (1/Mm= o.0313).

Lo A

)

t
NY NN_hl I- -2/,1 I I II I I I I I I II I I I I I I I I I

-.G5U

-Jg?Jgd

–.”=5

–Z50

–.045 e

t

-.040 Ii

-. f225

-.oa

IdeaI combustion.-The incrcmmnt

in fuel-air ratio Aj required to attain

a specified combustion tempcraturo

Tt with water-alcohol addition to the

fuel-air mixture may be wdculatcd by

the use of figure 6. The water-alcohol

mixture is assumed tQ be comph~tcly

burned. The cquat ions on which

figure 5 are based are discussed in

appendix B. The increase in chart fuel-

air ratiofl required by water-alcohol

addition is proportional to the diluw~t-

air ratio d expressed in pounds per

pound of air and is principally a func-

tion of the mixture parameter l/all=,

the initial temperature and state of

the water-alcohol mixhuw, and tho

combustion tcmpemture. The diluent-

air ratio d is expressed as pounds
of diluent per pound of air, which may

bo initially either dry or moisL. Tho
principal churt is exactly corrccL for

mixtures of water and methyl aleohol

at an initial liquid temperature of

5400 R; small additive corrections to

Y’ mwt be applied for watm-alcohol
mixtures containing ethyl or isopropyl
alcohols. (See fippendix B.) When

the mixture contains ethyl alcohol or

isopropyl alcohol, thu required corrcc-
t.ions are ti~jMand 8#’, rcspcctivdy,

and may be found by means of the

right insert on ftgure 5. If both Mhyl

and isopropyl alcohols are present,

corrections for each alcohol me tuldcd

successively.

If the dilucnt mixture is initially

injected as a liquid at a tcmpcrattwo

other than 540° R, an additional cor-

rect ion &j” is required. This correc-

tion depends on the diflercncc between

the enthalpy of the diluent at injection

temperature and the enthalpy of the

diluent in the liquid phase at 540° R.
A sutliciently accurate value of this
enthalpy for liquid dilucnts is obtained

by the assumption that the specific

heat of the three alcohols is 0.60 and
the specific heat. of water is 1.00 13tu

per pound per ‘R. Hemw

1=.015
t IGrBE1.–Watewiloohol-mLxtnro p+rn!neter as funcrlon of mlcture wnpaeitlon by weisht.
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1

h. := (0.40 ~0+0.60) (77.-540} (29 The increase in chart fuel-air ratio required for watek
r aIcoKol-mixture addition for the standard hydrocarbon fuel is

where H“. is the fraction by weight of the water iq the ,
mixture of diluent.s.

The correction ~~’ maybe obtained from a known value of

1

ti”+hf’’+fhfa+fik f’)

h~ ; with the aid of the left insert on @yre 5. and the increment in fuel-air ratio
r

Aj for other hydrocarbon

.-

,..*

L
E

t
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fuels is

KmK,(-f “ + 6J’’+&J”+ ~~fl)

An example illustrating the use of @ure 5 is given in a
subsequent section.

The usc of figure 5 for values of l/A$= corresponding to

u. ‘%
aJnJ macfwa~ uoi tsnqwm

mixtures that are composed mostly of wat.cr is subject to
some inaccuracy because of the smtdl tmglcs with wYIA the
slant lines used in the detwraimdion of -f” intwsccL the
multiplier scale. An enlargement of part of figure 5 in the
range of l/M~ from 0.0480 to 0.0555 (water-alcohol mixtures
containing 75 percent or more of water) is preswnld in
figure 6 IO improve the accuracy in this region. l>ro]}lcms

E

1=

t=
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of the addition of water-alcohol mistures containing mostly
water, and which ideally require little or no additional fuel
to maintain a tiven combustion temperature, are more. .
readiIy handkd by figure 6, which is u&d in precisely the

~“CLUD13NG EFFECTS OF DILUIXYT ADDITION 325

Combustion with incomplete heat release.—ll%e increment
in fuel-air ratio Aj due to iucomplete combustion of the ..__
water-alcohol mixture may be determined from figures 7
and S and is given by Kfikj”r Figure 7 apphes to any
water-alcohol mkture and is used in conjunction withsame ‘manner as fiagmre5.

‘M ‘M @2J._..’
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/

l'''' ''''1 l'''' ''''' l'''' ''''' l'''' ''''' l'''' ''''' l'''` ''t'' l'''' l'''' l'''' '''w.08 .07 .06 .05 .04 .0.9 .02 ..gl o
Inareoae in clwrf Puef-air twtlo, #“q

FKOVEB8.–FueJaIr-ratlo Iocrerncnt Af due ta hmrnplete mmbwtkn d water-akohol mixturw conte.lnirtg 7@cromt wat~ by weight or mom. 4. K.[{~’T.

figure 5; figure 8 appliw to water-alcohol mixtures containing
76-percent water or more and is used. in conjunction with
figure 6.

The increase in chart fuel-air ratio f“, over the fuel-air
ratio ideally required for vvater-alcohoknixture addition is a
function of mixture parameter l/h&, diluent-air ratio d,
heat-release ratio ~~, and combustion temperature T~
(appendix C). The small corrections for mixtu.m of water
and alcohol containhg fractions of ethyl or isopropyl
alcohols and the effect of combustion temperature are
incorporakd at the tap of the chart. The use of figure 7 is
later illustrated by an example.

HQUIDAMMONIA AS DILUENT

IdeaI combustion, —When dry liquid ammonia is used as a
cliluent, the increase in chart fuel-air ratioj” is proportional
to the weight of &dded ammonia in pounds per pound of

air d; the fuel-air ratio is a function of the combustion
temperature Tb and is substantially inciepmdcnt of initial
temperature Tti (appendix B). The inrremcnt in fuel-air
ratio Af, which is negative for ammonia, may bc computed
by figure 9 and is given by K.KAj@.

Combustion with incomplete heat release,—.Tlw incrcnwnt
in fuel-air ratio Af due to incomplete combustion of ammonia
vapor may be calculated by the uso of figure 10 and is given
by KmK#v The increase in chart fuel-air ratio ~, over
that ideally required for ammonia addition is a function of
combustion temperature T&,diluent+ir ratio d, ami hcat-
releaee ratio q~ (appendix C). Al cmrnplc that illustrates
the use of &ure 10 is given later.

LIQUID CARBON LMOXIDE M DILUIINT

The increment in fuel-air ratio Aj resulting from thr uso of
liquid carbon dioxide as a diluent maybe computmi with the
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-.W -.04 -.03 -.02 -of o
Increase In * ti[-air mflq ~

FIQUEX9.–Fuel-e,kutlo Increment 4f0r addkiond Iiquid ammmia to fuel-ah misture.
/if=KmKkr.

aid of figure II. Carbon dio.tide exists as a liquid at pres-
sur~ in excess of 5 atmospheres and at temperatures in the
range from 391° to 548” R. The carbon dioxide is presumed
to be stored as a saturated or subcocki liquid under pressure
at a temperature Td and injected into the combustion-air
stream as a Iiquid; aIthough the chart is based on saturated
Iiquid carbon dioxide, it may be used with accuracy for the
subcooled liquid except in the vicinity of the critical temper-
ature (548° R}. For convenience, a scaIe of saturation
pressure is included in figure 11. Use of nonsaturated
mixtures of Iiquid and vapor were considered impractical
because of the difficulty of controlling rate of discharge and
economy of storage space.

For carbon dioxide, j“ is always positive, is a function of

T~ and T*,and is proportiorud to the weight of carbon dioxide

in pounds per pound of air d (appendi.. B). The fuel-air-
ratio increments Af for liquid carbon dioxide addition is

K=K,#’. The use of figure 11 is i.Uustrated later by an

example.
LtQuTD NTBOGE!! AS DU.UEXT

The increment in fuel-air ratio Af caused by the use of

liquid nitrogen as a diluent maybe computed by using fig:

ure 12. For Iiquid nitrogen,~” is always positivqis a function

of the combustion temperature T~, is proportional to the-”

weight of Iiquid nitrogen in pounds per pound of air d, and

is independent of initiaI temperature 1“~(appendix B). The

fuel-ah-ratio increment A~ for liquid nitrogen addition is

KmK&.

Lhuid anmmiavir Mb. d
n o

.12

Loo .80 .60 .40 -20 0 .Oi .099 .04
tireaea in’%rt fuel-ak rutiq f “q

.05
[1-714J

Freua~10.–Fueh&mtiohcmment4&ue toIncompletemmbustlcad ammonfs. 4- KXN,.



328 REPORT 937—NATLONAL ADVISORY COMMITTEE FOR AERC)NAUTICS

FrGUltl 11.—Fuel.cdr-ratio inoremat Affor add!tfon of mturated lfqtid carbon dloxfd@to fud.ti mixtora. 4- ~=K.ff.

LIQUID OXYGEN AS DILUENT

The iucrement in fuel-air ratio Aj caused by the use of
liquid oxygen as a dtiuent may be computed by figure 13.
For liquid oxygen, ~ is a function of T,, is proportional to
the weight of liquid oxygen iu pounds per pound of air d,
and is independent of initial temperature T~ (appendix B).
For liquid oxygen, Y is always positive in the range of fuel-

‘/086
1060

Im
75

air ratio less than stoicbiometric. TIN! fud-air-ra tio incrr-
ment Aj for liquid oxygen addition is ~{m~<hf”.

EFFECT OF COMPRESSOR WORK OR PREIiEATING OF DILUESTS

In the case of turbine engines, a pmt of t.l}o di]ucnt fre-
quently is added to the air stream ahmd of tht! compressor to
reduce the~ temperature and to incrcasc thv compressor
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Increase in &ur* fuel-uir rufio, f“

FIGCRE 12-Fuehir+atfa Increment &f for addition d lIqnId n[wgen to fuel-ah mfxture.
Af-h-di-hj”.

Combustion temperature
mm

Increase in chrf fuel-air ro+ic+ J=

FoicEE l&—Fuek8fr-ratfofncrement i for addftion of liqtdd o-n to fueI-8fr mixtura
/A.- KgKfl.

pressure ratio. ‘he addition of the diluent before compres-
sion of the working fluid increases the compressor -work term
of equation (1) and thus increases the enthdpy of the working
fluid. The effect of compressor work on the negative in-
crement in fuel-air ratio Af may be computed by means of
figure 14, which includes the work done by the compressor
on both air and diluent. The increase in chart fuel-air ratio
f’ is a function of the compressor work per pound of com-
pressed ti~ture IT., the combustion temperature To, and
the weight of diluent per pound of air added before com-
pression d (appendix B). Wlen this correction is applied,
the air temperature to be used in computingfi by means of
figure 1 is the temperature at a point immediately a-head
of the diluent inj ectiom The fuel-air-ratio increment Af
for compressor work addition is &KJ”. The use of
figure 1.4 is illustrated later by an example.

USEOF MORETHAX OXE DILUliWT

When more than one diluent. is used or when work of
compression is done on the air after cliluent adclition, all the
previous fuel-rih-ratio increments Aj corresponding to each
of the diluents or to work addition as indicated by figures 5
to 14 are alggbraicaLIy added. The total fuel-air ratio ~ is
then the algebraic sum of Ar&*KJ’ and of alI the increments
Aj muItipIiecl by the ratio rfi The equation for f is given by

j=r~KmKA”j’+z~j] (21)

CM.CL..TION OF STOIC’HIOMETEIC FUEL-MB RATIO WITH DILVEXT
ADDITION

The use of a m~~ture of dihents containing a combustible
diIuent or an o.tidant changes the value of the stoichiometric
fueh.i.r ratio. The stoichiometric fuel-air ratio of the mix-
ture as a function of the various pertinent dihent-air ratios
is presented in figure 15. (See appendix D for details.)
The upper right. part of figure 15 is used for e~aluation of the
stoichiomet ric fuel-air m tio when water-akohol tit ures are
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FIGUEE15.-43toioXometrfc fuel-air rdlo lorhydromrbonfuel-air rnfxture with diluent addition.

used. The entire figure is used in cases where liquid ammonia USE OF COMBUSTION CHARTS WTH DILUENT ADD1TION

and liquid oxygen m-e separately used, used together, or
used in combination with water-alcohol mixhms. The use The use of the combustion chtirts with d.ihmnt wkiition is

illustrated by the following examples. The fuel employed inof tho figure is illustrated lat& by examples.
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the examples has a hydrogen-carbon ratio m of 0.100 and a

lower enthdpy of combustion h.,~of –l8,3oo Btu per pound.
The total fuel-air ratio required to attain a desired com-

bustion temperature is given by the following equation:

f=r~K.K&# +2 AA (21)

Example l—Ideal combustion with dry air; no dihent
addition.-The amount of fuel nec~ary to produce a com-
bustion temperature T, of 2000° R when burned with
1 pound of dry air at an initial temperature of 600° R is to be
determined. Because the combustion air is dry, Ks is unity;
because combustion is ideal, rr is unity; and because no dilu-
ents are added, ZAf equals zero.

For a temperature rise AT of 1400° R and T, of 2000° R,
a chart fuel-air ratio f’ of 0.0203 is obtained from figure 2.

From the inserts on figure 2 at a TOof 20110°R, the correc-
tion factors K= and Ark are obtained and the total fuel-air
ratio is crdmdated from equation (21). For a value of m of
0.100, K= is 0.9885; for a vahe of hc,r of – 18,300 Btu per
pound, Kb is 1.023.

j=K.K#’= (0.9885) (1.023) (0.0203)
=0.0205 pound per pound dry air

The inveree problem of determining the combustion tem-
perature when the fuel-air ratio is known neeeasitates an esti-
mation of the combustion temperature from @ure 1 using
an approximate chart fue~-air ratio, as

f’=-fiJ18,700= (0-0205) (18,3001/18,700=0-0201

From figure 1, for an approximate chart fuel-air ratio f’ of
0.0201 and an initial air temperature of 600° R, AT is
1380° R; therefore, Thisappro.ximately600°+ 1380°= 1980° R.
The correction factors Km and K, ccrwponding to Tb of
1980° R closely approximate those given previously, so that

f’=~/K.&=O.0205/(0.9885) (1.023) =0.0203

The calculation of AT is repeated using the new chart fuel-
air ratio of 0.0203. For this value of chart fuel-air ratio,
AT= 1400° R; therefore, To=6000+ 1400°=20000 R.

Example 2—IdeaI combustion with moist air; no diluent
adWion.—If the combustion air of the preceding example
contains water vapor in the amount of 70 grains per pound
of dry air, additional fuel is required to acliieve a To of
2000° R.

From the insert on figure 2, correction factor Kw corre-
sponding to 70 grains of water vapor per pound of dry air
and a combustion temperature of 2000” R is 1.0095. The
ideal total fuel-air ratio is then calcnhtted.

f= K=KhKJ’ = (0.9885)(1.023)(1.0095) (0.0203)
= 0.0207 pound per pound moist air

Example 3—l?eheating by burning additional fueli—The
combustion gas of the foregoing example is cooled to 1800° R
and reheated to a temperature of 3000° R by burning
additional fuel; the additional fuel required is to be deter-
mined. This calculation is made by effectively “unburning”
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the combustion gas so as to find a reference initial air temper-
atww that would give the combustion-gas temperature of
1800° R on combustion of the original fuel quantity cor-
r-pending to a fuel-air ratio of 0.0207 pound per pound of
moist air. This reference initial temperature is used to
calculate the fuel-air ratio required to produce the desired
reheat temperature. The additional fuel required per
pound of originaI air is the difference between the new fuel-
air ratio and the originaI fuel-air ratio.

The correction factors K., K,, and Kw are determined
from the inserts on f3gu.re 1 at a temperature of 1800° R
for the known values of -m of 0.100, h=,, of – 18,300 Btu
per pound, and water vapor content of 70 grains per pound
of dry air. The original chart fuel-air ratio f’1 is then
calculated.

f’I=jI/K~&=0.0207/(0.9W) (1.023) (1.0095) =0.0202

The corresponding AT for T* of 1800° R is obtained from
&we 2; the value of AT is 1430° R. The corresponding
reference initial temperature is then

T.= Tb–AT=1800°–14300 =3700 R

The chart fuel-air ratio required to produce a combustion
temperature of 3000° R by burning fuel with the reference
initial temperature of 370° R is then determined. For a
AT of 2630° R, a new chart fuel-air ratio is obtained from
either figure 1 or.2 as

f’,=o.0417

The correction factors Km, Kb, and K corresponding to
3000° R are read from &ure 1. The new fuel-air ratio fz
is then

$=KXa&f’Z=(O.9775) (1.025) (1.010) (0.0417) =0.0422

The additiord fuel required is then

f,–f,=o.0422-o.0207
=0.0215 pound fuel per pound of original moist air

Example 4-Calculation of heat-release ratio for incom-
plete combustion.-If a fuel-air ratio of 0.0225 were experi-
mentally required to produce a combustion temperature of
2000° R for the conditions of example 2, the ratio of actual
fuel-air ratio to ideal fuek.ir ratio rf is 0.0225/0.0207 or
1.0870. For the combustion temperature of 2000° R, the
heat-release ratio q, from figure 3 is found to be 0.9240.

Example 5-Ideal combustion with water-alcohol-mixture
addition. —The addition of 0.08 pound of water-alcohol tix-
ture per pound of moist air at a temperature Tg of 500° R
to the combustion process of example 2 is now considered;
both hydrocarbon fuel and diluent are assumed to be com-
pletely burned. The diluent mixture is composed of the
following fractions by weight:

Water, WO=0.50
lIethyl alcohol, W1=O.25

Ethyl alcohol, ~2=().25
The total fuel-air ratio necessary to obtain

temperature of 2000° R is to be determined.
a combustion
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The value of the mixture parameter l/ilIm from &ure 4 is
0.0410. On figure 5, drop vertically from Tb of 2000° R and
l/A1~ of 0.0410 to the base line (line of 2?*of 1000° It). From
this point, draw a line through the point corrwponding to a
value of d of 0.08 to the j“ scale, from which-f” has a value of
—0.0176. From the right insert on figure 5 for 0.25 fraction
by weight of ethyl alcohoI and T~ of 2000° R, move to “the
right to a value of d of 0.08; correction @# is equal to 0.0008.
Because no isopropyl alcohol is added, &j” is zero.

Correction for the water-rdcohol mixture introduced at m
temperature other than 540° R is made from equation (2o)
and the left insert on figure 5.

1

h. :.= (0.40 WO+0.60) (T,–540) (20)

=(0.20+0.60) (500–540) = –32 Btu per pound

From the left insert on ilgure 5, for Adof – 32 Btu per pound,
Th of 2000° R, and d of 0.08, 6kffl is 0.0002. The required
increment in fuel-air ratio is

Af=K.KA~ +~~” + ~fl)
= (0,9885) (1.023) (–0.0176+0.0008 +0.0002)
= -0.0168 pound pcr pound moist air

The total fuel-air ratio is from eqmtion (21)

J=KmK,Kj’i-Aj
=0.0207–0.0108
=0.0039 pound per pound moist air

Example 6-Effect of inooxnplete heat release for water-
alcohol-mixture addition.-Consider example 5 with a heat-
release ratio for the hydrocarbon fuel w of 0.900 and a heat-
release ratio for the diluent m of 0.500. The total fuel-air
ratio for the combustion process is to be determined.

The fuel-air ratio ideaIIy required for comb~tion with nO
dihent addition is 0.0207 from example 2. The required
increment in fuel-air ratio Aj for the ideal combustion of tho
water-alcohol mixture added .is – 0.0168 from example 5.
Additional increments in fuel-air ratio that must be deter-
mined are due to the incompletdy burned fuel and the in-
completely burned vmter-alcdlol mixture.

For a value of (1 –~,) of 0.10 and a Toof 2000° R; the value
of rf is 1.1175, as found in figure 3.

For the same water-alcohol mixture used in the previous
example, in figure 7, for a vahe of l/dl~ of 0.041, move down
pardel to the slant lines to a fraction by weight of ethyl
alcohol W, of 0.25. Irmmuc.h as no isopropyl alcohol is
present in this mixture, move direc.tly down to the base line
corresponding to n Tb value of 3000° R. (If isopropyl
alcohol is pre9ent in the mi.sture, the slant lines for isopropyl
alcohol am used in the same reamer. as those for ethyl
alcohol.) From here, locate the pertinent combustion
temperature, in this cxa.mple a Tt of 2000° R, by foI.Iowing
the curved guide linea and drop to the baseline corresponding
to a T* of 1000° R. From this point, draw a line through the

pertinent value of d(l –qd); in this example with a d valnc of
0.08 pound per pound of moist uir I’Inda dihwnt heat-reksc
ratio q~ of 0.50, d(l —qr) hs a vahw of 0.040, TIN! required
increase in chart fuel-air ratio -f”, is tlwn 0.0118. ‘Ile
required increment in fuel-air ratio duP to inromph’te com-
bustion of the water-alcohol rnkturc is

Af=KmK#,
=(0.09885)(1.023) (0.011S)
=0.0119 pound per pound moist nir

The total fuel-air ratio is from cqumtion (21):

j ‘r, (Km&Kwf’ +XAfi (21)
=l.l175[(0.9885 )(l.023)(l.0095 )(0.0203)-0.0168 -~O,Oll9]
=0.0179 pound pcr pound moist air

Example 7—EfTeot of incomplete heat release for liquid
ammonia and liquid carbon dioxide added at compressor
inlet,-A mixture of 1 pound of liquid mrhm d ioxidc stored
at rL temperature of 460° R am] 0.05 pound of liquid nm-
monia is added to 1 pound of moist air at thv comprwsor
inlet of a turbojet engine. The inlet tiir is aL 560° R ml
contains 140 grains of water vapor per pound of dry nir.
The compressor increases the cnthulpy of the dihn.wt-uir
mixture at the rate of 100 Btu pl!r pound of fluid. Tlw
fuel-air ratio necessary to produce R combustion temprratum
of 2360°”R when the heat-rckase ratio for the fuel VIis 0,050
and the heat-release ratio for the timmoniu vd is 0.5(1 is to
be determimxl.

The necmsary corrections to the ideal chart fuel-air ratioj’
are -&, Kh, Ku, and rp Four values of fud-air-mtio incre-
ments Aj are required for th liquid ammonim addition with
complete combustion, the incomphto combustion of am-
monia, the liquid carbon dioxide addition, and W com-
pressor work input.

From J&ure 1 for a Lumpwat.urc rise 3T of 1800” R and
an initial temperature of 560° R, a chu% furhir ratio j’ of
0.0270 is obtained. The factors K= of 0.0S85 find K* of
1,023 are the same RS I.wforc because Lb{!smnc furl is used
in all the examples.

From the insell on figure 1, the correction furtor K=, cor-
responding to 140 grains of water ~apor pm pound of dry
air and Tb of 2360° R, is 1.0195.

For a value of (1–~~) of 0.050 and Tb of 2360° R, r, hfis
a value of 1.0565 in figure 3.

For an ammonia. addition d of 0.05 pound prr pound of tiir
and Tb of 2360° R, Y is cqmd to —0.0177 pound pw pound
of air in figure 9. The required imwmc!nt in furI-nir ralio
for complete combustion of ammonia is

Af=Km&f”’ = (0.9885) (1.023) (–0.0177)
= —0.0179 poun(l pm poumi moisl Iiir

For a vahe of (1–q~ of 0.50, T~of 23GO°R, and dof 0.05,
f“, has a~alueof0.0115 as fonnd in figuw 10. TIK* required
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increment in fuel-air ratio due to incomplete combustion of
ammonia is

Af=Kmh7fl,= (0.9SS5)(1.023) (0.0115)
=0.0116 pound per pound moist air

For a saturated liquid carbon dioxide tempemtureof 460° R,
T, of 2360° R, and d of 1.00 pound per pound of air, j“ is
equa.I to 0.0370 as found in figure 11. The required increment
in fuel-air ratio is

if =K~fl = (0.9S85)(1.023) (0.0370)
=0.0374 pound per pound moist air

For a compressor work input WJJ of 100 Btu per pound
of fluid, Tb of 2360° R, and a mass of diluent added at the
compressor inlet d’ of 1.05 pounds per pound of air, the value
of f“ is equal to —0.011S pound per pound of air as found in
figure 14. The required increment in fuel-air ratio is

~f=K/&f# = (0.9SS5) (1.023) (–0.0118)
= –0.0119 pound per pound moist air

The totxd fuel-air ratio required is then

f=rLKJGKJ’+XAf ) (~1)
= 1.0565[(0.9SS5)(1.023) (1.0195) (0.0270) –0.0179 +

0.0116+0-0374–0.01191
=0.0498 pound per pound of moist air

The effects of the addition of liquid ammonia and liquid
carbon dioxide on the required fuel-air ratio are independent

but are combined in this example to ihstrate conveniently
the use of the charts. The addition of Iiquid orygen and
liquid nitrogen as dihents is handIed in the same manner as
Iiquid ammonia in the present example.

Determination of stoichiometric fuel-air ratio with diluent
addition,-The stoichiometric fuel-air rat io for a mist ure of
air, hydrocarbon fuel, and diluents may be determined by
means of figure 15.

For example, the determination of the stoichiometric fuel-
air ratio for 0.0S pound of water-akohol mixture having a
mixture parameter 1/.31. of O.W1O added to each pound of
air for combustion vrith a fuel of hydrogen<arbon ratio m of
0.100 is shown in the upper right part of figure 15; the stoichi-
ometric fueI-air ratio is 0.0510.

If the diluents ammonia and liquid o~gen me inditidua~y
added or added in combination with a vratm-aIcohol ti~turel
the stoichiometric fuel-air ratio is found by the entire f3gure.
For example, the determination of the stoichiometric fuel-air
rat io for a water-a.kohol-to-air ratio d of 0.0S, a mixture
parameter l/JI= of 0.0410, and ammonia-air ratio d of 0.05,
a Iiquid o.sygen-air ratio d of 0.10, and a hydrogen-carbon
ratio m of 0.100 is shown; the stoichiomet ric fuel-air ratio
is 0.060.

FLIGHT PROPULSION RESEARCH ~.ABOR.iTORY,

lXATION-AL ~DVISORY COMMITTEE FOR ~ ERONAUTICS,

CLEWZLAND, OHIO, Jlizrch 31, 1948.



APPF~lX A

SYMBOLS

The following symbols are used in this report:

H%o–~ Hoz

2.016 .-

HWz–Ho
12.010 ““”- “—

increase per pound of diluent in number of moles of
yin ultimate burned gas mixture due to addition
and combustion of dihent, lb mole/lb diluent

totaI &luen&air ratio, lb/lb air
weight of diluent injected into air stream prior to

compression of mixture, lb/lb air
totaI fuel-air ratio, lb/lb air
fuel-air ratio increment due to dduent addition to

fuel-air mixture, lb/lb air
chart fuel-air ratio, function of T= and Tb only,

lb/lb air
increase in chart fuel-air ratio due to diluent

addition, function of specfic diluent mixture,
lb/lb air

increase in chart fuel-air ratio due h incomplete
combustion of diluent, lb/lb air

correction of Y with use of ethyl alcohol, lb/lb air
correction to f“ with use of isopropyl alcohol,

lb/lb air
correction to .f” due to injection of water-aIcohol

mixture at temperature other than 540° R,
lb/lb air

molal enthalpy of y, Btu/lb mole
enthalpy of dry air, Btu/lb air
enthalpy of flnrd burned mixture, Btu/lb mixture
lower enthalpy of combustion of liquid diluent at

540° R, Btu/lb diluent
lower enthalpy of combustion of Iiquid fuel at

540° R, Btu/.lb fuel
334

h~
J
Kb

K.

K.

Mm

m
rr
T=
T,
T,

T,
AT
w

we

x

?/
@

Tr

qd

enthtdpy of liquid diluent, Btu/Ib dihmnt
mechanical equivalent of hint, 778 ft-lb/Btu
correction factor to f or Y for change in lower

enthalpy of combustion of fuel from value of
18,700 Btu/Ib fueI

correction factor to j’ or Y for change in
hydrogen-carbon ratio of fuel from value of 0.175

correction factor to J 1 due to watir vapor in com-
bustion air

molecUkw weight of water-alcohol mixtum,
lb/(lb) (mole)

hydrogen-carbon ratio of fuel
ratio of actmd fuel-air ratio to ided fuel-air mtio
initial total air temperature, ‘R
total combustion temperature, ‘R
temperature of diluent as liquid immcdiatdy

before injection, “R
reference tempe~turef 540° R
temperature rise in combustion process, ‘R
fraction by weight of components of water-alcohol

mixtures

work of compression of mixture entering com-
pressor, ft-lbJlb mixture

water-alcohol-mixture characteristic
variety of gas, specifically C02, H20, Oa, rind IVx
factor accounting for effects of dilumt addition

and comrmasor work on ideal fuel-air ratio
heat-releas~ ratio for hydrocarbon fud
heat-reIease ratio for combustible dilucnt

Subscripts O, 1, 2, and 3 refer ta water, methyl
ethyl aIcohol, and isopropyl alcohol, respectively.

The atomic weights used are:

Carbon 12.010
H@rogen 1.008
Oxygen 16.000
Nitrogen 14.00s

alcohol,



APPENDIX B

EXPRESSIONS FOR LNCIU3ASE IN CHART FUEL-AIR RATIO DUE TO DILUENT ADDITION

WATSE-ALCOHOL MIXTURE9 AS DILUBNT

The molal lower enthalpies of combustion for the Iiquid
phase –(J of water and of the three alcohols considered are
given in the following table; the values cited are for a pres-
sure of 1 atmosphere and have been evaluated at the reference
temperature of 540° R:

DiIuent I E##&

water..-... _. —-—_- 1
l&016

Meth IaIcalmL . . .._.. -
{

(m=d%m Sza
–l&sia

:
Etiy &!ohoL -----------
Bw71PY1alcohol- . . . . . . . g$g$ ~w ~~ :

The general mixture may be represented by the average
formula (CHJ.&O. A quantity –Q’ is arbitrary chosen

as a linear function of the diluent-rnixture characteristic z
such that it is exactly eqmd to —(J for miEturea of water and
methyl alcohol

–Q’=293,570x-18,870 (22)

Because –Q does not vary linearly with r, small colTcc-
tions are required when ethyl or isopropyl alcohoIs me used.

The gravimetric lovrer enthdpy of combustion of the
mixture may be written as a function of I/iIf. from equa-
tiOIM (18) and (22)

293,570.r— 18,870–ha= ~
m

=20,930 –3- BtufIb [23)

The net increase in enthalpy of the combustion gases due to diluent addition and compressor work is from equation (5):

{1

‘d–h=&– (Da2Ea2+D%~q+D0,~02 +DNaRN,) ~,@= —(l+d’) y—d hi ~r
1}

Tb
(5)

The term accounting for compressor work (1 +cZ’)H-J7 is considered later in this appendix.
‘he “rm @’r-hJ

reduce9 to —hqz when the water-al.cohol mixture is introduced to the system as a liquid at a temperature T. equal to the
base temperature T, of 540° R; for those cases in which the diluent is introduced as a Iiquid at a temperature other than
540” R, a correction is to be applied.

The remaining term of equation (5} is evahmted by consideration of the combustion reaction

(CHJ .H,O+~ @~zCO,+ (1+z)ILO

The increase per pound of diluent in the entldpy of the various species in the ultimate gas mixture due to the addition
of diIuent is then

(DCO~W,+D%OHH,O+DO,~O, +DX,~NJ
l:=&{’H~2+(’+’)H~o-:’~”,\E

(24)

<
31 ) }1

—–1 .2W7 Ho, :2.14.026 ~ ,

The quantity DN,EN=is zero because the nitrogen content of the ultimate gas mixture is not increased as a result of the

water-alcohol-mixture addition.
The relation for @ (equation (5)) may therefore be expressed on.Iy as a function of d, .W, and T~for diluents of mixtures

of water and alcohol.
From equations (5), (12), (23), and (24)

{

—-’”%447)H”,+(&-O=)”~o-~(&-=)H”~}I (25,

–20,930 +=+ {(1~~26 ~
j“ =d 1

The smaII corrections required when ethyl and isopropyl tion (22) and the actual value is 75,540 Btu per pound mole.
alcohoIa are used are accounted for by additive terms &f” The corrections are therefore given by
and hfl, respectively. For pure ethyl alcohol, equation (22)
yields a vah.te of –Q’ of 568,270 Btu per pound mole. The r,
discrepancy between this value and the actual value of – Q d 46.06836’970
is 36,970 Btu per pound mole. For pure isopropyl SIcc-t

~“= —

7
0.1751i+ ‘b

(26)

hoi, the discrepancy between the value of – Q’ from equa- ,
18,700–

1.175 T,
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.
d_ro~4 75,540

6#’ = “
18 ~OO_0.175~+B ‘b

1

(27)

) 1.175 T,

The numerator proportion the error introduced by the

use of the linear expression for — Q (equation (22)) in

accordance with the fraction by weight of either ethyl or

isopropyl alcohols in the mixture of dilucnts.

LIQUID AMMONIA AS DILUENT

The. enthdpy of combustion of liquid ammonia is evaluated
to be 75oO B tu per pound at a pressure of 1 atmosphere and
a temperature of 540° R (reference- 11). The combustion
reaction and the assumption that all the ammonia burns to
nitrogen and water yields

The increase per pound of diluent in the enthalpy of the

various species in the ultimate gas mixture due to the ackli-
tion of diluen t is then

The expression for @ from equation (5) becomes

{

1 ( )1}

Tb
~H –%02+; HN2 T

‘=d ‘7500+17.032 2 ~“ 4
(29)

r

Therefore jw may be written from equation (11) as a func-
tion of d and T~

{ (~H 3H )1)~HN~ :
fll= d ‘7500 +17;32 2 ~o–~ .02+2 ,

1

0.175A+B ‘b
(30)

18,700–
1,175—- T,

Ammonia ma-y be stored either as a liquid under elevated
pressures or as a chilled liquid at atmospheric pressure. In
either case, the variation of the enthalpy of combustion of
liquid ammonia with stomg~temperature is small. Hence,
addition of liquid ammonia as diluent at a temperature other
than 540° R introduces a negligible error in the expression
forj”.

LIQUIDCARBON DlO=DE M 151LuENT

The enthtilpy of liquid carbon dioxide relative to the vapor
at 540° R and 1 atmosphere pressure for various conditions
is taken from a temperature-entropy diaegyam for carbon-—

I’,.J
dioxide appearing in reference 13. The value of h~ ~.
is then a function of the diluent temperature immedia~Iy
before injection. Because the most feasible arrangement
is to store and to iuject carbon dioxide as a liquid in the

1

Td
completely saturated state, h~ ~ becom= a function of the

r

saturation t,empem twe or its concomittint sat.urat ion pres-

sure.

The expression forfl is thcu

1

T,

(1 J
d & :+;;o~

,f”=—.- (31)
6. 1754-;+ ‘h

—

ls’700– —j.j75 T,

and is a function of T6, d, and Ta or S~tUraliOll prcsaure.

Equation (31) accurately applim for uso of tk liquid rfirlxm

dioxide in the subcooled state except. in tho vicinity of k

critical tempwat ure (54s0 R).

LIQUID NITROGEN AND LIQUID OXYGEN AS DILUENTS

Entldpies for liquid nitrogen and liquid oxygen arc cwd-
uated relative to tho vapor at. 540° R and 1 atmosplwre
pressure as the sum of the cntlndpy of vaporization timl the

entha@y difference of the dilucnL vapor tit the liquid temper-
ature and 540° R. Enthalpies of vaporimtion for both
liquids are takeu from reference 11. l’hc liquids ar(’ gener-
ally stored in contuinem ventd t.o tho atmosphere. IICIICC
variations in enthalpy in tho liquid phase may be mq$ectw.1
because of the small tempcrat urc rango in which the dilucnts

exist as liquids at utmosphwic pressure.

The enthalpy relative to the vapor at the rrfurcncc condi-

1

Td
tion ha ~ is 18G 13tu per pound for liquid nitrogen and

,
175 Btu per pound for liquid oxygen.

The expression for j“ for nit.rogcn is then

,“_ ,(,86@4
ls,700–

0.175 ‘ +__ Tk
1.175 T,

for oxygen

,r_ ,(175$4) ,3,
—

0.175A+B Th
1

18,700– -- —1.175 T,

Tlmrefore~ is a function of d and T~.

EFFECT OF COMPRESSOR WORK OR PREHEATING OF LXLUENTS

The decrease in fuel-air ratio fl associated with [he work
done in any compressor through which 1 pound of uir plus

d’ pounds of diluent pass before combustion is given by the

following expression:

f“ =
– (I +d’) I!’,/cl

ls,700–
1

0.175mL
1.175 7’,

Therefore-f” is a function of d’, 11’,, und T*.

(34)



APPENDIX c

COMBUSTION W’ITH INCOMPLETE HEAT RELEASE

.Justification
actual burned

of the assumption that the enthdpy of the

products is negligibly different from that of

the completely burned products for any given fuel-cliluent-
air mixture and gi~en combustion temperature requires a
measure of this difference in enthdpy.

Inasmuch as the heat-reIease ratio q~is defined as the ratio
of the act uaI enthalpy rise to the enthaIpy of combustion of
the Iiquid fuel, the true heat-reIease ratio qf’ wouId be given
by

where M is the enthdpy difference between products and
reactants.

The difference between the true heat-reIease ratio and the
defined heat-release ratio is then given by

Ah
W’—m=(1—w) —(–hcmf)

If, for example, normaI octane vapor is considered to be
present in the burned mixture, there will be o~gen present,
-which would not esist if the combustion were compIete,
according to the reIation

At 2700° R, the enthdpy of the Ieft side is 483,130 Btu
per mole of octane: the enthaIpy of the right. side is 469,650
Btu per moIe of octane. The enthalpy of the left side is
therefore 13,480 Btu per moIe greater than the right side.
The mohmdar weight of octane is 114.224; the enthtdpy of
the products is thus decreased 11S Btu per pound of un-
burned octane as contrasted with a defect in heat release of

19,110 Btu per pound of unburned octane.
For this example, the assumption that the enthalpy of the

actuaI products (unburned normaI octane vapor) is equaI to
the enthaIpy of the cornpIeteIy burned products is in error
by 118 Btu per pound of unburned octane at a temperature
of 2700° R. The difference in heat-reIease ratios is then

For an Tf of 0.90, this diEerence in enthrdpy corresponds
to an error in the caIculatecI ~aIue of heat-release ratio of
only 0.06 percent.

The enthaIpy of the products minus the enthaIpy of the
reactants U expressed as a percentage of the Io-iver heat of
combustion of the reactant is presented in figure 16 as a
function of combustion temperature for a number of likely

react ants; curves are given for methane, normal octane,

ethyl ahmhol, formaldehyde, ethylene, ammonia, carbon
monoxide, and hydrogen. Data for the hydrocarbons were
taken from reference 14; data for ethyl alcohol, formalde-
hyde, and ammonia were taken from references 15, 16, and
17, respectively.

“o [000
‘k Canbuw’im fenperatu% Tb,‘R
t

FIGLTU 16.—?Znthslpy dffkrsnce between Products and reo.cmnts as permntsge of lower
heat of mmbusrion.

Except for hydrogen, the enthslpy difference genendly is
less than 1 percent of the lower heat of combustion, which
corrwponds to an error in the calculated -raIue of heat-reIease
ratio of Iess than 0.1 percent at an qr of 0.90. Appreciable
concentrations of hydrogen w-II probably not be present so
that the enthrdpy differences of 4 to 5 percent of the Iower
heat of combw~tion of hydrogen at the higher temperature
-will not affect the general -mlidity of the assumption.

It has been shown that for each of the likely products of
incomplete combustion, the difference between the enthalpy
of the incompletely burned gas and the enthdpy of a gas at
the same temperature that htis a composition corresponding
to complete combustion is small compared with the defect
in heat release.

Water-aIcohol mixtures.-The mokd lower heats of com-
bustion for the vapor phase –q for water and for the three
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alcohols considered are given in the following list for a pres-
sure of 1 atmosphere and a temperature of 540° R:

Diluent (E!&&;)

Water ------------------------------- ., 0

~ethyl dcollol ------------------------ 290, 950

Et.hyl alcohol ------------------------- 549,710

Isopropyl alcohol ---------------------- 806,330

k in appendix B, –q is expressed as a hnear function of

the mixture parameter l/.hln; thus it k exact for mixtures of

water and met.hyl alcohol. Inasmuch as — q does not vary

linearly with l/&f~, small corrections are required when ethyl

or isopropyl alcohols are used.

The gravimetric lower enthalpy of combustion of the vapor
mixture –he,~’ may then be written as

–hC#=20,744-3~.-699 1~’z–1107 ~’~ (35)

l?rom equation (16), the increase in fuel-ah ratio for the

standard hydrocarbon fuel j“~ due to a defect in heat rclm.sc

is

(

d(l –q,) 20,744 –3*–699 WZ--11O711’a
yq= m )

(1

(36)
18,700 –~~’5#-:-- ;

. r

Ammonia,-The Iower heat of combustion of gaseous am-
monia —h.,d’ is evaluated to be 8000 Btu per pound at. a
pressure of 1 atmosphere and a temperature of 540° R.

From equation (16), tlw incrcasc in fud-air ratio for
the standard hydrocarbon fuel j“, due to rt defect in hcnt
release is

‘“q=- (37)



STOICHI031ETRIC FUEL-AIE RATIO

The stoichiometric fueI-air ratio of a mixture containing
oombust ibIe diluents is found by determining the net amount
of oxygen available to the hydrocarbon fuel after compIete
oxidation of the combustible diluents.

The gross amount of oq-gen available in the air is
0.23186 pound per pound of air.

The o.~gen consumed by combustion of the alcohol in the
vrater-alcohoI mixture is

48 d
~ lb/lb air

R

Oxygen required for combustion of ammonia is

The addition of oxygen itself suppIies

d lb/lb air

The oxygen required for combustion of the hydrocarbon

fuel is

J——
(

16m 32
l+m 2.016+12.01 )

— lb/lb air

The net amount of oxygen avaiIabIe to the hydrocarbon
fuel after diluent combustion determines the magnitude of the
stoichiometric fuel-air ratio, inasmuch as the mass of oxygen
required for stoichiometric combustion is equal to the mass of
o~gen avaiIabIe.
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